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INTRODUCTION 
:e Fabry-Ferot interferometer was considered in the first theoreti-
-er concerned with the feasibility of an optical maser or laser (1). 
ry-Ferot interferometer is used as a cavity to contain the electro-
0 field. Many authors have attempted solutions of the integral 
s describing the fields in the laser (2-17). These integral equa-
re derived by determining the field at one mirror caused by the 
aunched from the opposite mirror of the interferometer. Several 
have solved these integral equations with a numerical integration 
ue (7f 17). For a particular mode, the decrease in amplitude of 
a per round trip is the eigenvalue for that particular eigen-
n of the integral equations (18). Other authors have used a varia-
"cechnique or series expansion as the method of solution of the in­
equations of the cavity (12, 14). It is relatively easy to solve 
ations for the confocal case, that is, where each mirror is posi-
at the center of curvature of the opposite mirror. The non-
resonator equations have not been solved in exact analytical 
S ) .  
-.a work has been undertaken on the perturbation of the cavity field 
output coupling holes on the axis (5)i but no work could be found 
uuing the fields for a small perturbing particle anywhere off axis 
u'.e cavity. Several authors have attempted to measure the field 
uxion within a microwave Fabry-Ferot cavity with a small disk, 
technique they use is based upon closed cavity perturbation 
(2, 19). Only the losses due to particle absorbtion are used. 
2 
Cne report states that the Q cnange of the cavity is not all contained 
in energy absorbed by the perturbing particle (2). 
The purpose of this work was to determine whether a helium-neon 
laser could be used as a counter and detector of small biological bodies 
such as red blood cells, bacteria, etc. The investigation led to an 
approximate solution of the non-confocal integral equations in rectan­
gular coordinates. No series expansion or matrix computation is needed 
to solve for the eigenvalue with the method derived here. A perturbation 
method was used to develop the output change for a small perturbing par­
ticle. The theory will work for a particle anywhere off axis and for 
lossy, opaque, or transparent particles. 
The experimental work started with inserting the cubette with the 
Brewster angle windows and water into the cavity and aligning the laser 
to a condition of oscillation. A particle distribution count on abrasive 
particles was then made. The cells from mouse, cockroach, human, and 
frog blood were detected. Small glass and nylon beads were also passed 
through the cubette. In order to verify the theoretical derivation, the 
field of the cavity was measured using a small microprobe. 
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BREWSTER ANGLE CUBETTE 
The term "Brewster angle" refers to the angle at which an electric 
field polarized in the plane of incidence can propagate across the inter­
face between two optically different media without undergoing any re­
flection. For non-magnetic materials, there is no such angle of complete 
transmission for an electric field polarized perpendicular to the plane 
of incidence. Brewster angle windows are inserted in a laser cavity to 
allow the use of mirrors external to the active cavity of a laser. The 
light from a laser containing a Brewster angle is polarized. In order 
to insert any other material inside the cavity without introducing ex­
cess loss, additional Brewster angle windows must be used. In this study, 
suspensions of particles in water were introduced into the cavity. 
The optical theory for determining the Brewster angle is well known. 
See for example (20, 21, 22, 23). For an air to silica interface for 
6328 â light, the Brewster angle is about 55•5°» For a silica' to water 
interface at this wavelength, the Brewster angle is about 42.4-°. The 
angle between the two faces of a window allowing Brewster angle trans­
mission from air to silica to water is about 7.96°. Two identical win­
dows placed back to back as in Figure 1 with water between them will 
produce no interfacial reflections. However, the exit ray will be par­
allel to, but offset from the incident ray by a certain amount. The 
offset value y for an air to silica to water to silica to air transition 
is given approximately by: 
y = -0.061 L + 0.874 d + 1.053 p + 0.061 f (1) 
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Fig-^ e 1. Diagram of offset caused by Brewster angle windows 
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For L = 1, d = 0.375: 
y = 0.26? + 1.053 P + 0.061 f (2) 
The values p and f are chosen for the particular application. The value 
for f is chosen approximately equal to the value of the offset so that 
the ray can enter and exit in approximately the center of the windows. 
With the introduction of the Brewster angle cavity (a cubette) into 
an oscillating cavity, the laser cavity will be misaligned as shown in 
Figure 2 (a). If one plane mirror were used, the problem of the offset 
would not be as bad as when both mirrors are spherical. If for some 
reason the cubette is slightly rotated for a system with two spherical 
mirrors, the cavity is again misaligned as shown in Figure 2 (b). For 
a system with one plane mirror, a slight misalignment causes the beam to 
move to the edge. This increases the diffraction loss of the cavity but 
does not affect the alignment of the cavity (see Figure 2), The experi­
mental work in this study was performed with two spherical mirrors sup­
plied with the commercial laser, but a piano-spherical mirror resonator 
is later shown to be more sensitive. 
If the mirror separation before the introduction of the cubette is 
near the critical point as far as the optical stability of the resonator 
is concerned, care must be taken that the added path length of the mate­
rial plus the offset does not cause the resonator to become optically 
unstable. This is more critical with the piano-spherical configuration 
than with the spherical-spherical configuration. This will be discussed 
in more detail later. 
6 
of resonator with cubette inserted 
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A.\'ALYSIS OF CAVITY OSCILLATIONS 
In order to determine the output change of the laser caused by the 
insertion of a szall particle into the cavity, the cavity equations must 
be solved with the particle present. This will be done subsequently by 
perturbation methods. The field equations for the unperturbed cavity are 
required as a point of departure and are derived in this section. These 
equations are usually derived from the results of the Fresnel-Kirchhoff 
diffraction theory given as a scalar statement of H^ Cgen's principle. 
The equations will be derived here from a similar but slightly different 
mathematical approach using the equivalence principle and image theory of 
electromagnetic waves (20). The cavity equations turn out to be similar 
in form to Fourier-transform pairs. This similarity has been recognized 
by other authors (4, 5? 10), and has been used to find approximate ana­
lytical solutions for the cavity. Exact analytical solutions have been 
found for the confocal case (5, 6, 24). The results for the non-confocal 
case still required computer calculations to find the eigenvalue of the 
cavity (5. 6, ?, 17, 24). One of the results of this research is the 
development of an analytical representation of the field equations that 
is based upon the aforementioned similarity between the field equation 
and the Fourier transform. In particular, no computer calculations are 
required to find the value for the eigenvalue. 
Consider an electromagnetic field propagating in a homogeneous, 
source-free region in the half-space z<0. As far as the half space 
2>0 is concerned, this field can arise from appropriately constructed 
sources positioned at z = 0 on a perfectly conducting plane. The plane 
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may be either perfectly conducting electrically or magnetically. A per­
fect electric conductor is chosen for convenience; see Figure 3» The 
magnetic surface current (a mathematical model) is equal to E x n 
where n is in the + z-direction and E is the incident electric field at 
z = Od a surface electric current will also exist equal to = 21 % H» 
On the basis of image theory, the magnetic surface current indicated in 
Figure 4 will produce the same field in the + z-region as would have re­
sulted from the original wave. This field is formally related to the 
magnetic surface current through the vector potential integral; 
all 
space 
and the relationship: 
E = - V X F (4) 
The result is : 
1 Ij exp(-jk Ir - r« I ) 
h 
E = - V X —I I E' X (5) 
This equation will be used to find the fields in the laser cavity. The 
mirrors will be assumed to be perfectly reflecting and the cavity con­
figuration will be that of a Fabry-Perot interferometer with spherical 
mirrors. For a perfectly reflecting surface, the reflected field is the 
negative of the incident field. The incident field can be thought of as 
coming from behind the reflector but with a 180 degree phase shift en-
X -3 
A 
Figure 3. Bcuivaler.-. ;r::Le% in 3ra.cs s>0 
Figure 4, Equivalent probien: ir. space z > 0 
countered upon reflection, .kr.czy.er sLz/. :ha.r.ge is required in the equa­
tions to allow for the change :r:% a righT handed "c a left handed co­
ordinate system. The same asszzzzicn ',--.11 nade as is made in the 
Fresnel-Kirchhoff diffraction zhecry, :.e. "he field vhich is present 
in the aperture is the same as the i:-.rii=r.- field. See Born and Wolf 
page 379. Jxi accordance with zhe fcregczng remarks, the fields can be 
formally expressed by Equation j wizd Z' equal "c 'he incident field, 
dS' equal to the surface vector de;i:'.ed ever the mirror, and E equal to 
the desired field at some point in sjace, 
If the radii of curvature of the mirrors are very large, then 
 ^ d.y. Assume also that Brewster angle windows are present, 
allowing only one component of electric field tc be present. Let this 
be E = E^ . Then; 
_2_ fj e>:p^ :"k r - r' 
E = Vx j ; i:-' (°) 
Since r is independent of r' ard. sir.ce r = r' except at the reflec­
tor, the curl can be taken under the integral sign, performing this 
;  ^ 2 
operation and using |z - s' t ,y - y')~»X, allows 
Equation 6 to be written as : 
'•'iJJ" '• 
where k = 2n / \ . This is essentially th.e scalar statement of Huygen's 
principle for the configuration used. 
It can be shoivn that (?, 15): 
? ' 9 
- r' i  ^  d + 1^^ 1 - 2 x-x- T c-y- + gr.jo" - 2 272 - ^  YiYz (8) 
where and. are the coorcinata cf z rcLr.-. cr. %he 5'.:rface of mirror one, 
and y are those of a point on zirrcr -vc, and ; 
= 1 - d/the radius of c'Lzrva%-:re :: r±rrcr one (9) 
§2 = 1 - d/the radius of curvafjjre :: rirrcr zvc (10) 
Equation 7 riow becomes: 
a 
(11) 
( 2 )  • ]  I t (1 2 2 
ïL = exp(-jkd) 3 I e:Kz[~  ^gpX„ 
X A. d ~ ~ t. c. 
mirror 
one 
2 x^ x^  + + 52^ 2" " ^  ] -'-i 
where and are the fields a": zirrcrs cr.e and v^ o respectively. 
The following analysis is for nirrcrs c: rectangular cross section. 
If = u(x) v(y) the equation is separable and: 
u^ W^) = exp(- — ) I u'^ -\x- : erçC- ^  + g x 
^ /J \ d J ~ 
(12) 
- 2 
- 2 y^ y^ )] dyi 
(13) 
It is convenient to use the symmetric Fourier transform, pair defined by 
Bracewell (25): 
These are sometimes called the plus-j and rdnus-j transforms. If the 
function f(x) is even, the plus and minus transforms are identical where­
as an odd function will have a plus-j transform which is the negative of 
the ininus-j transform. 
As a first approximation and one which vrill indicate the solution of 
the finite limit integral equations, the infinite limit case will be 
analyzed. Let: 
(14) 
(15) 
(16) 
(17) 
(18) 
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c  ( 2 )  ,  2 
^^ 2)( fz) " ^ ^1^} S 1 - =)?\-:'^ :=^ -) (20) 
%(!)( f 1) = j F e^xp(-j 2%g^  ^  /) J r sx%(_jkd) 
exp(-j 2Tig^  f ^  ) = j exp(-j 2 îi g^  g.~: e.v--,-::-;i ; (21) 
IF |;exp(-j j ' F (U,^, . £^:j} ] 
If  ^^) is even or odd, then: 
U(^ )( f^ ) = + j exp(-j 2 Tig^  ^ ^^ ) exp(-jkd) [? A:-:;,-:  
U(1)( fi)] (22) 
This equation can be thought of as generating a r.ev V - - , :. giver, an eld 
U(i)( ^ 2}* Except for the factor + j exp(-j 2 r.g. exp,-jkd;, ôhis 
is a continued convolution of one function with ar.c-J-.er :_n:%icn. Accord­
ing to the central limit theorem, (see (25) page l-i' successive convo­
lutions cause this solution U(]_j( to tend %c  ^J^ LSsia:-. :znc:icn. 
This suggests that a Gaussian function be tried as ar. a:-.al%-:ical scluuicn 
to the cavity field equations. 
It will now be shown that a Gaussian wave over %he r^ irrcr s-^ irface is 
15 
an approximate solution to the equations as has b 
literature and measured with reasonable accuracy. 
Eisasureir.int of this field configuration are given 
The infinite limit case is treated first. Assures 
equations of the form: 
%(!)( fi) = 
The round trip case for the non-symmetric general 
U(2)( ^ 2^  ~ J? exp(-jkd/2) exp(-j 
exp(- 71 Vj ^ 
U(i)( = j exp(-jkd) exp(-j Zn 
®^ P(- ( 2 ) 
+ 2%jg2 il 
1 
The exponential dependence must be the same on bo 
tion. This requires: 
2 
Ï — + 2%jg^  
n /( + 2 n jgg 
or, after rearranging and solving: 
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j = jngi ± n 
2 2 C 
1 2 
The question now arises whether the ïïiagnitude term can be r^ de e: 
unity. At first glance it seems impossible. It appears that ei: 
or must be zero because the magnitude of the numerator r.ust 
same as the magnitude of the denominator under the radical sign, 
since  ^is complex, the real parts may cancel leaving a %er- cf 
tude one: 
J •n ^ + 2 j g^  1 
1-2 ± 2 jj 
If the magnitude inside the square root is set equal to one, 
2 2 2 2 
1 = 1 - i}. g + 4 g^  gg + 4 g^ gg - 4g^  
This is an equality and thus the magnitude is equal to one fcr al 
g^ . The phase of the quantity inside the square root sign vill •. 
g^  and g^ .vary. Thus the resonance condition is specified by ; 
j exp(-jkd) ' '' 
1 - 2 gig^  ± 2 j jg 
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This condition can always be satisfied by having d the right length or 
is the phase of the above equation for n = 0, kd will still satisfy the 
equation. The total eigenvalue is the product of this value times the 
one coming from the y dependence. 
Some interesting things can be noted from this solution. The first 
matic solution to the 4 transit case, the quantity inside the square root 
is just the square root of + j. This may be indicative of the non-
confocal case becoming optically equivalent to the confocal case on 
multiple passes as suggested by di Francia by an entirely different con­
struction (8). (See Appendix I). 
The case where the limits are not infinite is now considered. For 
mirrors with symmetric limits on the integrals : 
by having k shift due to a frequency shift. For kd = n -f 0/2 where 0 
is that for g^  = g^  = 0 the magnitude term is autoroatically satisfied 
without Also for g^ gg = 1/2, which is an auto-
-p -f-c. 
.2 
-c. 1 (31) 
2 
2 
(32) 
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where : 
c = size of mirror 1 in the x directionZ/'X-d 
1  ^
d^  = size of mirror 2 in the x direction//Xd 
Again assume a solution of the form: 
D(l)( = exp(.j,|^ -) 
Then: 
U(2)( ^ 2^  = JT ex?(-jkd/2) expC-jZng^  
7  ^2. 
exp(—J— ^  ) erf(z) 
j :2 ---2-^  
jy°i "ly %2 
#2 
4 
Now if is large, the value of erf(z) in the region of interest :: 
 ^^ is approximately independent of  ^^ since the Gaussian funcxicr.s fall 
off rapidly. Then; 
U/]\( f J = j exp(-jkd) -T^  JT°1 
T 
erf + j2n g^  d^  exp(-j2n 
^ n2 
exp (- £ ) 
„2 + jZaSg -
19 
This gives the same answer for as before except now there are tvo 
factors, the error functions, whose magnitudes are not equal to one. 
The product of the magnitudes of these is the magnitude of the eigen­
value for the assumed mode. The eigenvalue is related to the energy lost 
from the cavity. Again the total eigenvalue is the product of the x a;:d 
y eigenvalues. I-Jhen the real part of the argument of the error function 
is large, its value is approximately just erf(x) where x is the real pari, 
of the argument (26). 
The results thus far show that the Gaussion function is an approxi­
mate solution to the integral equations. The eigenvalue for the cavity 
is easily determined by evaluating the error function terms and the other 
constants in Equation 37 which have a magnitude of one. The solutions 
arrived at are valid over the mirror surfaces. Now as an aid in noting 
the shape of 'che beam, the width of the beam is derived for any plane 
cross section in the cavity using infinite limits for simplicity. This 
will give one an idea where to position a particle for maximum sensitivity. 
The original system of equations are used. This eliminates the dif­
ficulty encountered in the change in variable because d' is now also a 
variable. Let d' be the new position coordinate down the cavity. A 
plane at some position means that g^  = 1 - (d', the distance the particle 
is from mirror l)/#^  and = 1, Also let the field be evaluated only at 
the center of the cavity. This will give the magnitude profile of the 
wave. Then : 
20 
O « 
u^ (0,d') = j-^  |exp(-jkd'/2) exp(- il 
Xd', 2d 
2 2 
exp(- K ^  ) dx_ 
g2%d 
:;5) 
Combining this with the y variation equation: 
TgfO.d') u^ fO.d:) 
d' 
~d 
1 
TZ" 
fl 
§2 
- g. 
(39) 
It can be shovm that: 
v^ CO.d') UgXO.d:) 
R d (R - d) 
12 
(R^  + Rg - 2 d)(d'+ 
(Cont.) 
2 d (d - a ) d' + d (Bg - d) 
This evaluated at d = d' gives: 
VgfO'd) % 1 
% 
«2 
R^  - d 
(41) 
In order to determine the point at which the maximum amplitude occurs the 
denominator is differentiated and set equal to zero. This gives: 
21 
d (A, - d) 
d.' = (^ 2) 
R  +  R  - 2 d  
1 2 
d (R-| - d) 
d - d' = 
+ 3% - 2d (43) 
The magnitude of defined as the radius of the Gaussian intensity 
2 profile at the l/e points (18) can be determined given the magnitude pro-
file. 
a fl 2  ^^  2 y^  
' |b exp(- 2 ) exp(- —% ) dx dy = 
w 0 w_ 
o 
,2 2 0 31 W 
— erf (J 2 a x) erf ( J 2 a y) 
In order to conserve energy for the case of large limits : 
2 2 b = constant (45) 
where b is the amplitude of the electric field vector at x = 0 and y = 0 
and w is the spot size. Therefore: 
o 
4 (Rl + R2 - 2d)(d')2 + 2d(d - + 
w '(d' ) = w (0) 
° ° R^ d(R2 - d) 
dR^ (R2 — d) 
(Cont.) 
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and from Equation 2?: 
(47) 
(R^  - d) (R]_ + Eg - d) 
Thus ; 
4 / X \2 
WQ (d') = — 
R^  C(R^  + «2 - 2d)(d'f + 2d(d - Rg)d' + 
(R]_ - d) (%! + R2 - d) 
dR^ CRg - d)l 
(Cont,) 
Equation 48 enables one to plot a constant intensity profile of a Gaussian 
wave. The distance between the two mirrors and the radius of curvature 
of each mirror is needed to plot a normalized intensity profile. These 
equations are also valid for any point outside the cavity as well. For 
points left of mirror one d' will be negative and for points to the right 
of mirror two d' will be greater than d. 
Kogelnik and Li (18) also give equations for the propagation of a 
Gaussian beam. Their equations were derived from a differential equation 
based upon propagation in the z direction only; that is, they neglect the 
second partial derivative with respect to z in l-Iaxwell's equations. The 
equations derived here from the integral equations give the same result. 
The equations derived here allow in addition the calculation of the eigen­
value for the eigenfunction assumed. 
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ANALYSIS OF THE CAVITY WITH A SI4AIL PERTURBATION 
Now that the equations of the cavity are known, it is possible to 
deduce the effect of a small perturbing particle in the laser cavity. 
The basic procedure consists of propagating a wave down the cavity and 
causing it to impinge upon the particle. The field scattered from the 
particle is added to the incident field to arrive at the total field. 
This field is then propagated down the structure and the process is 
iterated until a steady state solution is obtained. The steady state 
solution in the active cavity may be zero because the particle may 
cause more loss than the cavity has gain. 
The well known Mie theory can be used to find the scattering of a 
uniform plane wave field by spherical particles (20, 21, 22, 27, 28). 
Since the particles of interest are much smaller than the cross section 
of the beam, it can be assumed that in the region of the particle the 
wave is plane. Figures ji-18 give curves of the scattering coefficients 
from spheres of different refractive indices and different loss values. 
These curves were calculated with the help of a digital computer. Check 
values of refractive index were run for correlation with published values 
(29, 30). The top curve is the total scattering cross section and 
/ g \ 
the bottom curve is , the scattering cross section. The absorbtion 
cross section is the difference of the two curves. One important point 
to note is that the total scattering cross section is about twice the 
geometric cross section of a spherical particle if the wavelength is small 
with respect to the particle size regardless the size of the particle or 
the type of losses in the particle. It should also be noted that lossy 
Figure 5» Scattering coefficients for spherical particles 
with the real part of the refractive index equal 
to 1.0, the complex part equal to -0.1 
Figure 6. Scattering coefficients for spherical particles 
with the real part of the refractive index equal 
to 1, the complex part equal to -0.01 
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Figure Scattering coefficients for spherical particles 
with the real part of the refractive index equal 
to 0.95f the complex part equal to -0.0^ 75 
Figure 8. Scattering coefficients for spherical particles 
with the real part of the refractive index equal 
to 0.95» the complex part equal to -0.0095 
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Figure I3. Scatzerir.r fer spherical particles 
•s'i'ch rsr" ci zha refractive index equal 
to C.";, zr.e ccrple.v part equal to 0.0 
Figure 14. Scattering ccef;icients for spherical particles 
vrith the resl part cf the refractive index equal 
to 1.35, the ccrple;-: tart equal to 0.0 
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Figure 16. Scattering coefficients lor spherical particles 
with the real part c: the refractive index equal 
to 1.5, the ccr.plex part equal to -I.5 
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Figure 17. Scattering coefficients for spherical particles 
with the real part of the refractive index equal 
to 1.2, the complex part equal to -1.2 
Figure 18. Scattering coefficients for spherical particles 
with the real part of the refractive index equal 
to 1.1, the complex part equal to -1.1 
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particles -will generally scatter less vhen the parziclc 13 
will a loss free particle. This is due to the dar.pir.r c-_i'rcr.^ s ir.d', 
in the particles. 
For the following analysis, a Gaussian wave cross swollen is 
assumed for the wave and it is also assumed that %he laser is ::sra-
in its lowest order ".ode with all higher order -.odes below inreshol: 
value. This rr.eans that any energy initially generated in "he nighe: 
order modes is lost froz the cavity and no sustained cscilla-icn ir. 
such -.odes will occur. 
Cne coicr.on zethod of analysis of a Fabry-?erot ir.-erfercr.ster : 
represent it as an equivalent series of lenses of the sar.3 fccal le: 
as the itirrors of the interferometer. This construction is shcv.-
Figure 19. This equivalent is exact for the unperturbed cavity. I 
also a very good approximation for the perturbed cavity if the back 
scattering off the particles is neglected as shown in Figure 21. I; 
back scattered wave is neglected, there will be only forward prctag: 
waves e:'d.sting in the equivalent sequence of lenses of Fig'—e 21. ; 
the mode functions that satisfy the integral equations are complete 
orthogonal (6), any wave propagating in the sequence of lenses can 
expressed as an infinite series of these functions : 
f(x,y) =Z % c^ d^  (mode functions)_. 
-
- J  
At some point past a particular particle, it is possible t; 
scattered wave resulting from the unperturbed mode scatter; 
•carticle as such an infinite series. It is assumed that o: 
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Figure 19. Equivalent system for no perturbation 
Figure 20. Equivalent system for a small particle 
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perturbed mode scatters from each successive particle of Fig'oi 
This allows one to calculate the amount of energy lost from t; 
on each successive scattering. Assume the incident unperturbs 
is c expC-a:-:^ ) d exp(-by~) = g(x, y). The new coefficients of 
perturbed mode scattered from the particle are expressed by; 
c^ d^  = cd f(x,y) e>:p[-a(x + y )] dx dy 
I X exp[-2a(x^  y^ )] dx dy 
where f(x,y) is the equation of the scattered wave and c^ d^  ar 
efficients in the series expansion of f(x,y). The magnitude s 
the new coefficients is proportional to the energy density of 
perturbed mode. It should be noted that the total perturbed f 
not necessarily separable into a product of an x function and 
tion. If; 
f(x,y) = cd exp[-a(x^  + y^ )] 
= 0 
X - =3 I >"-# 
y - y s l >  IE 
2 
' ^s\<^ 
y - yJ < 
where D is the cross sectional area of the scattering particle 
and y^  are shown in Figure 21, then: 
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y 
i  
!• 
r 
z 
Figure 21. position of particle in wavefront 
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(I g^(x,y) dxdy- f j  [ j g 2 (x,y) dx dy 
Cd, = -1. 4-14-^2 
I I g (x,y) dx dy 
c^ d^  = 1 - 1/4 ^erf[/2a(Xg + D/2)) - erf(j'^ (x^  - D/2)]> 
(:J) 
x ^ erîlfUiy^  + D/2)] - erff/^ Cy^  - D/2)]} 
Since 
erf(y + e) - erf y = erf y + 2 exp(-y^ ) e + ... _ erf y 
2 2 exp(-y ) e 
(5-) 
2 2 
1 - 4D exp[-2a(x| + y§)] 
1 WQ^  
ci  ^
= 1 - 2Q(t^  TT r expf-2(xg + yg)/w^ ]^ 
2 nw/ 
where is the relative scattering cross section of a particle and r 
is the effective radius of the scattering particle. 
A similar procedure for a uniform plane wave of large but finite 
2 
area N gives : 
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P X s  
* * ;L2 
Vl = 
*K/2 fN/2 
I c^ d^  dx dy - fj' | 
_%/2 .f-N/Z (Jxg 
K/2 
c d ax ay i -2J2 
^^ 2 ®^ N/2 
= 1 -
Consequently: 
- 1 - -~ 
where e and f are the coefficients of the first terr. of %he us^ al series 
expansion of a scattered wave resulting from a plane wave. The 
2D is the limit of the scattering coefficients from :iie scattering. The 
2 
quantity N is proportional to the magnitude of the energ}- flow in the 
original wave. 
Since 2D is the limit of the scattering cross section for a plane 
wave and since the wave inside the cavity is assumed to be plane at the 
particle, the scattering coefficient was used in place of 2D in 
Equation 55• 
Now to correlate the position of the particle, the size cf the 
particle, and the gain of the laser, the gain equation cf the cavity is 
needed. A quasistatic gain equation used by Chen and Lee in modulation 
work is used (31). It is : 
I . 1- "/S 
It a/Gi 
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where I is the output for a loss inserted, is the undisturbed output, 
Of is the value of the loss inserted, cf-^  is the value of the loss for an 
output of I , and oc is the maximum value of loss which can be in-
o m 
serted. 
Gain is usually given as round trip gain. The loss calculated in 
Equation 55 is per pass. The total loss per round trip is t'vrice the per 
pass loss. Therefore the total loss in percent for one round trip is: 
For spherical particles: 
loss = 400 Q(t)r2 expf-2(x/ + y ^ )/w  ^ (59) 
o s s 0 
w  ^
0 
For nonspherical particles ; 
loss = 400 expt-2(x/ + y (60) 
For large particles with = 2: 
loss = 800 D exp[-2(x^  ^+ y^ )^/w^ ]^  ^
Equations 59 through 6l are the results desired and enable one to calcu­
late the energy loss from a laser cavity with the aid of Equation 55. 
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DISCUSSION OF TKEOaZTICAl RESULTS 
This discussion will center around the lowest order mode. 
order mode for either circular mirrors or square mirrors is essentially 
the same (18). Consequently, the results derived in an earlier section 
for square mirrors can be applied directly to circular mirrors. J or th 
higher order modes, the results would differ, but these modes are not o 
interest here. 
The Unperturbed Cavity 
The Gaussian electric field distribution over the mirror surface i 
shown to satisfy the equations describing the fields in the resonator. 
Since the integral equations are almost Fourier transforms and since th 
can be put into the form of a continued convolution, the central limit 
theorem indicates that a Gaussian profile is to be expected after many 
passes of the wavefront. The integrations were performed and the resul 
show that a Gaussian profile is an approximate solution to the finite 
limit case. The results of the integration allow one to obtain an ap­
proximate value for the eigenvalue of the equation quite easily. The 
procedure used previously (7, 12, 14, 1?) required the inversion of a 
large matrix or numerical integration of the equations. 
proper adaptation of the field equations, it was possible to ob 
tain the electric field profile anywhere inside or outside the cavity. 
Figures 22 and 23 give the normalized envelope shape of a Gaussian wave 
in a laser cavity for two different resonator designs. For design pur­
poses, this will allow one to know where to position a particle for max 
igure 22, Normalized beam profiles for confocal case 
igure 23. Normalized beam profiles for piano-spherical 
case, = 0.1 
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lûuin sensitivity when measuring very small particles. The results in­
dicate that the use of a flat mirror will enable one to obtain a very 
narrow beam and thus increase greatly the sensitivity of the cavity. 
If one wishes to measure larger particles, these equations v-âll also 
indicate the configuration of the cavity that should be used. Equation 
55 shows that the sensitivity is related to the reciprocal of the square 
of the spot size. 
Cavity Perturbations 
A perturbation technique was used for the analysis of the cavity 
with a small particle present. It was assumed that all the energy 
scattered from a particle is lost from the cavity. The particle was 
assumed to be much smaller than the cross section of the beam. The 
energy loss from the original mode is proportional to the absolute 
scattering cross section of the particle and inversely proportional to 
the size of the beam radius squared. Figure 24 shows the curves for 
the output change of the laser caused by spherical perturbing particles 
for two different values of beam diameter. Curve one is for the output 
of the laser used in this study while curve two is for a large beam pro­
file. Note the dependence of the output on the magnitude of the quan-
Ct) 
tity Q \ Also shown on this figure are the curves for the relative 
scattering cross section equal to 2. These curves point out that the 
output of a laser due to scattering from particles is very dependent on 
the value of The laser gives a practical way of measuring the 
effective cross section of irregular particles for the particular orien­
tation of the particles in the beam. The curves of Figures ^ -IS give the 
igure 24. Normalized output of laser as a function 
particle size 
Curve (1) w = 0.39 mh 
o 
Curve (2) w - 0.55 Mn 
0 
.4^  energy left 
igure 25. Normalized output of laser as a function 
loss inserted. 
Curve (1) 0.1 c(^ = cc^  
Curve (2) i^=^ bi 
Curve (3) 
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scattering coefficients for spherical particles. The very fine structure 
of some of the curves was omitted. A lossy sphere will, for certain 
values of size, scatter less than a loss free sphere of the same size. 
Note from Figure 8 that for very small loss, depending on the value of 
the real part of the refractive index, the majority of the scattering 
may be due to either absorption or. scattering. This may be the reason 
Auston et al could only account for twenty percent of the cavity loss due 
to absorption in the disc they used to measure the field of a microwave 
interferometer (2). 
Figure 25 gives the curves for Equation 58 normalized on the basis 
of maximum insertable loss over the loss already in the cavity. Note 
that if the cavity has about 90^  of the maximum loss already in it, the 
gain versus loss curve is almost linear, while a cavity with low loss 
has a very non-linear gain curve. It should be remembered when dealing 
with these curves that the curve for the higher loss case is really the 
extreme right end of the curve for the low loss case. Therefore, for a 
constant small loss, the absolute change in output will be greater in the 
low loss case but the relative change in loss is greater in the high loss 
case. If one is interested in introducing a very small loss and in re­
cording a large relative output change, then it is better to work with a 
high loss case. The higher loss can easily be introduced with a variable 
angle flat at approximately Brewster angle (32). 
It may be possible to measure size in two ways with the laser. Since 
for a constant speed of the particle through the cubette, the output pulse 
length is related to the geometrical size of the particle in one dimension 
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and since the output height gives a measure of the geometrical cross 
section of the particle, shape as well as size information may possibly 
be obtained from the data received from the laser. For uniform parti­
cles, these two pieces of information could be cross-correlated to de­
crease the number of detection errors. 
In order to get a physical feeling for the propagation of a dis­
continuity such as that assumed in Equation 5I. the wavefront resulting 
from a one-dimensional discontinuous Gaussian wavefront was calculated 
with the use of a computer. Figure 26 gives the results of this program 
for a 6328 angstrom wave one centimeter from the line of discontinuity. 
The original wave is on the right. The figure gives only the magnitude 
of the resulting wave and not the phase. The phase at each point is 
slightly shifted. Note that the discontinuity has disappeared and that 
the wave has redistributed itself into a smooth wave. This results from 
the "diffusion" of a wave due to a change in the lateral derivatives of 
the wavefront. See Born and Wolf, Appendix VT (21), It should also be 
noted that the total energy in the resultant wave is very nearly that of 
the original wave. 
It may be possible to recognize particles from the interference 
pattern between the scattered wave and the incident wave. This pattern 
is expressed mathematically by Equation 4$. This pattern will exist 
outside the laser but will be altered because the scattered wave will 
now be diffracted by the output aperture. The incident wave will also 
be diffracted by the output aperture, but in the large aperture size 
case, the incident wave will have little output diffraction. Perhaps 
0.398 Energy - 0.393 
zzerg}' - 0.294 Energy - 0.335 
Zr.erg;/ - 0.373 Energy - 0.374 
- 0.346 Energy - 0.350 
.-igure 26. Propagation of a discontinuous Gaussian beam, unperturbed 
beaz has w = 50 micron 
0 
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some work with pattern recognition by the use of Fraunhofer holography 
could be done. It is known that it is possible to take Fraunhofer 
holograms of very small particles (33i 3^ )« 
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D:?iR2'Z::TAi procedure 
The first experintentai objective was to determine whether the avail­
able laser woiild f'ûnction vith The insertion of the Brewster angle cubette 
into the laser cavizy vith water between the windows. An adapter to hold 
the cubette was zade for the Spsctra-physics 122 laser and positioned as 
shown by the drawing in Figure 2?. The laser was aligned and brought into 
a condition of oscillaticn. 
In order to incl'iide a variable gain flat into the laser, the adapter 
shown in the drawing ir. Figure 28 was made. It turned out that the net 
loss was too great to allow inclusion of the flat, but the hole in the 
adapter led to the discovery of a very easy method of alignment. The pro­
cedure is to align the front izirror with another laser as shown in Figure 
29. This is done by causing the spot reflected from the front mirror to 
reflect back into the spot on the mirror used with the other laser. This 
allows the light to pass down the laser tube in the correct alignment 
because the mirror on the front end was not altered from an oscillating 
configuration, },'e;ct a zicroscope cover slide was positioned vertically 
inside the hole %ade for the variable Brewster angle flat. The surface 
of this flat was deliberately zade lossy in order to have light scatter 
from its surface. The light reflected from the back mirror was visible 
as was the light transmitted down the tube. The two spots were mated 
by adjusting the screws (for adjustment) on the adapter. The rough 
alignment screws and then the fine adjustment screws were adjusted until 
the laser amplified or lased. If the laser only amplified, the optics 
were cleaned and the procedure was repeated. Without another laser, 
mirror laser 
cubette 
Figure 27. Diagrar. of laser wi-ch original adapter 
excr; 
hole 
mirror % 0 laser 
cubette 
adapter 
Figure 28, Diagram of laser -^ -i%h an adapter with another hole in 
it 
Figure 29. Diagram of &ligrr.er.t procedure 
workiH: 
6 c 
one can not easily know if the laser is capable of oscillation or only 
amplification. The procedure to complete the alignment took about 
thirty minutes to two hours while the trial and error method could have 
taken over two weeks. It is possible thai, due to dirty optics, the 
trial and error method would not work at all. 
The particles were run through the cube%%e with the equipment 
arrangement shown in Figure 30. The pressure bottle was used as a 
pump and the beaker was used as a retriever of the ccanted substance. 
The cubette used in the experiment is described in Figure 31• To over­
come the tendency of the water to swirl in this cubette it was necessary 
to use a pressure of not more than 3C-5C mm of Hg to force the water 
through the cubette. If a new cubette were designed, the streamline 
configuration should be smoothly varying. A Model 4013 Spectra-Physics 
power meter was used as the detector. Fig'^ e 32 is a picture of the 
equipment used. The output of the detector was monitored on an oscil­
loscope. 
The field of the laser cavity was measured using the arrangement 
shown in Figure 33» A microprobe, made by drawing out a hematocrit 
tube, was run across the cross section of the beam with an x-y lathe 
table. The amount of energy scattered from the tube, and thus lost 
from the cavity, is proportional to the magnitude of the intensity of 
the wave at the position of the probe. The output of the laser is con­
verted to intensity by the use of Fig'Jre 25. Figure 25 gives the output 
of the laser for a ratio of additional loss over the loss already present 
in the cavity. The output is also expressed as the ratio of the initial 
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cubette 
laser 
pressure 
gauge 
beaker press'^ e pc'.;er zeter 
bottle 
Figure 30. Diagram of equipment used 
Figure 31. Diagram of cubette used 
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•window inserted from 
this side 
2 mil 
aluminum 
22 mil 
aluminum 
2 mil 
aluminum 
Figure 32. Picture of equipment used 
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x-y lathe table 
probe 
end of 
laser 
— — LM j — 
cavity extension mirror 
Figure 33. Diagram of field measurement scheme 
67 
intensity to the final intensity. Thus any change in output cf 
is accounted for as the probe is moved across the cavity. I-iote 
a water cavity was nox. used in the arrangement for this part of 
periment. The cavity was extended to make its optical length th 
as it was with the cubette in it. The extra gain lost from the 
angle windows of the cubette was needed to allow the insertion o 
probe into the field of the cavity. 
68 
DISCUSSION OF TI-IE EXPERIMENTAL RESULTS 
The picture of Figure 34 shows the output of the laser for dis­
tilled water flowing through the cubette. Note that the output for this 
case has a few fine fluctuations. These variations may be due to irdn-ate 
air bubbles in the water or may be due to turbulence of the water as it 
goes through the cubette. This noise will be present in all the ex­
periments. Figure 35 shows the output for glass beads of nominal 25 
micron diameter. From Figure 24 it is seen that the laser should quench 
when a bead of this size enters the beam. As expected, a large per­
centage of the pulses do in fact correspond to cut off. The remainder 
of the pulses could be due to beads smaller than about 20 microns, or 
more likely, due to beads passing through the edge of the beam. It must 
be kept in mind that the wave-length of the light changes in the water 
and that the scattering cross section is related to the relative re­
fractive index measured with respect to water. The curves of Figure 
36, drawn from data taken from reference (23), show that the refractive 
index of water at 6328 angstroms is about 1.332. Glass has a refractive 
index of about 1.4 to 1.6 depending on the type of glass. For glass of 
refractive index of 1.46, the ratio is 1.1. The scattering cross section 
for spherical particles of relative refractive index of 1.1 was used for 
the calculations of Figure 24. 
Figure 37 shows similar results for nylon beads of 25 to 50 microns 
in diameter. Again these beads should cut off the laser when they are ir. 
the beam. Nylon beads are slightly opaque while glass beads were trans­
parent. In either case, the results follow Figure 24. 
Figure 34. Output for water only 
. Vertical scale 10 %v/div; jO irâcrowatts/div 
Horizontal scale 50 nis/div 
Norcal output 100 microwatts 
Figure 35* Output for glass laicrobeads 
Vertical scale 10 mv/div; jO microwatts/div 
Horizontal scale 10 las/div 
Normal output 100 microwatts 
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1.336 
o.6o 
wavelength-microns 
Figure 36. Refractive index of water 
Figure 37- Output for 400-600 mesh nylon beads 
Vertical scale 10 mv/div; 5'- oicrowatts/div 
Horizontal scale $0 zs/dr;/ 
Normal output $0 irdcrowatts 
Figure 38. Output for abrasive particles 
Vertical scale 10 s:v/div; jO cicrowatts/div 
Horizontal scale 50 ms/div 
Normal output 100 microwatts 
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rigors 33 shows the output of the laser for very irregularly shaped 
abrasive particles. Figure 39 compares a distribution curve for these 
particles obtained from a microscope count with distributions computed 
;rc- %he laser count. The laser count was converted to particle size 
using Figure 24. Neither curve of Figure 24 is completely applicable 
because %he relative scattering cross section of these irregular par­
ticles is unknown. The large end of the distribution does not zatch 
since "he large particles settled out in the water. The low end of the 
dis-ribution is off because the noise level was about as high as the 
pulss size required for the srnall particles. Therefore those pulses 
were no% counted. 
The data taken from mouse blood is shown in Figure 40. Since an 
erzl'jrccyze is about $-8 microns in diameter and disc shaped, the output 
P'ulse should not be very big. The cutoff level was 2 major divisions. 
The pulse height is about 0.4,of a major division which corresponds to 
a particle with a geometrical cross section of about 7.2 microns accord­
ing tc Fig'ure 24. The large pulses could be due to air bubbles but are 
zcre likely due to lymphocytes and leukocytes which are about twice as 
big as er\~hrocytes and thus would quench the laser. A monocyte, which 
is core than twice the size of an erythrocyte, would also quench the 
laser. Figure 41 shows denser mouse blood and shows the consequence of 
z'ulziple scattering. This is manifested by one pulse starting before 
the previous pulse is finished. 
The output due to frog blood is given in Figure 42. A frog eryth­
rocyte has a diameter of about 15-20 microns. A particle of this size 
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microscope 
Q-spherical 
3 2 1 0 
effective particle radius-microns 
e 39. Distribution curves for abrasive particles 
Fig'ore 40. Output for mouse blood 
Vertical scale 10 mv/div; 50 microwatts/div 
Horizontal scale $0 ms/div 
Normal output 100 microwatts 
Figure 41, Output for dense mouse blood 
Vertical scale 10 mv/div; jO microwatts/div 
Horizontal scale 20 ms/div 
Normal output 100 microwatts 
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Figure 42. Output for frog blood 
Vertical scale 10 mv/div; $0 microwatts/div 
Horizontal scale 200 ms/div 
Normal output 80 microwatts 
Figure 43. Output for cockroach blood 
Vertical scale 10 mv/div; 50 microwatts/div 
Horizontal scale 200 ms/div 
Normal output 80 microwatts 
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will just quench the laser. Note that the majority of the pulses are 
almost cut off. Note also that some of the pulses are multiple com­
posites of smaller pulses. The difference between these and those due 
to iaouse blood in Figure 41 is that a frog blood cell is much bigger 
and will give a multiple pulse upon rotation with the particular de­
tector system used. These multiple pulses are due to the erythrocyte 
rotating as it goes through the beam. The possibility of the detection 
of rotating bodies may allow one to detect abnormally shaped blood cells 
by looking at their output under rotation. 
Figure 43 gives the output for the passage of cockroach blood 
through the cubette. The blood was obtained by clipping off an antenna 
and allowing the blood to ooze out into saline. There is considerable 
interest in the effect of insecticides on insects, and this method of 
size and number detection may provide a quick determination of sizes 
and numbers of the many different types of blood cells in insect blood. 
Microscopic examination of the cockroach blood showed that the majority 
of the insect blood cells were in the 5 to 20 micron size range. Figure 
43 verifies that the laser is able to detect the presence of these cells. 
In order to determine whether the laser could be used as a large 
particle counter, a few protozoa ranging from 125 to 250 micron in size 
were obtained. They were put in physiological saline, which turned out 
to be a mistake. The protozoa exploded due to the physiological saline 
not being isotonic with respect to the intercellular substance of the 
protozoa. However, the amylopectin and ribosome particles resulting from 
the exploded protozoa are on the order of 0,5 to 2 micron in size and the 
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lower curve of Figure 44 shows that the laser was able to detect the 
presence of these small particles. No attempt was made to do any sizing 
of the particles from these pulses. A 1-2 micron size particle should 
give only a small pulse as determined by Figure 24. A few smaller proto­
zoa (about 30 micron) were present and could account for the very few 
large pulses seen in Figure 44, 
The upper curve of the picture of Figure 4,5 shows the result of 
introducing human blood into the beam. This particular set of data was 
originally recorded on tape. Reduction of the data resulted in a com­
puted size of 7 microns, which is normal for human blood. The tape 
recording, of course, removed the DC component of the signal, and the 
data shown in Figure 45 reflects the absence of the low frequency signal 
components. 
There were three sources of noise observed. Environmental noise of 
low periodic frequency was caused by the vibration of the adapter. This 
caused the mirror to be slightly misaligned. The second type was that 
due to a very low frequency drift of the output of the laser. This was 
due to using the laser near cutoff so that thermal transients and other 
factors caused the output to change slowly. The third type of noise was 
due to the difference in the output caused by variation in the speed at 
which the particles entered the beam. Fast moving particles caused a 
shaper pulse to observed while a particle that floats around inside the 
cubette and occasionally enters the beam gives a slowly rising pulse. 
In order to minimize the effects of the noise, the output of the detector 
was filtered. An active filter with a pass band of 550 to 2000 hertz 
Figure 44. Output for protozoa 
Vertical scale 10 r.v/div; 50 microwatts/div 
Horizontal scale 5G r.s/div 
I^ orEal output 10C microwatts 
Figure 45. Output for human blood (recorded on tape) 
Horizontal scale 100 ms/div 
Normal output 100 microwatts 

was found to suffice. Figure 46 shows the equipr.er.t diagram and Figure 
44 compares the filtered and unfiltered output for particulate matter 
from protozoa. Note that in the filtered case, only the sharp pulses 
due to particles passing through the bea.T; are detected while those par­
ticles slowly rotating within the cubette shew up as only minor fluctu­
ations. By adjusting the speed at which the particles traverse the beam, 
it is possible to have the majority of the frequency spectrum of the 
pulse fall inside the pass band of the filter. Thus the low frequency 
noise as well as noise due to slowly moving particles can be elininated. 
Another detection problem is associated with the pulses recorded on 
a magnetic tape. All of the DC component has been removed from the pulse. 
This causes the pulse to have a negative as well as a positive portion 
and the observed data is difficult to interpret as sho-.m in the upper 
curve of Figure 45» The recorded pulses were clipped with a silicon 
diode which removed the negative portion of the signal as well as all 
of the lower voltage portion of the signal. The result is shoivTi in the 
lower curve of Figure 45. 
A microprobe made by drawing out a hematocrit tube was moved across 
the cavity as described in the previous section. The diameter of the tip 
of the microprobe was on the order of a few microns. Figure 47 gives a 
plot of the intensity of the electric field distribution after its am­
plitude was calculated with the aid of Figure 25. The output curve was 
recorded as the probe was moved across the beam. The amount of energy 
which could be lost was determined to be approximately equal to the energy 
loss present in the system. Therefore the curve for oC-^  = was used in 
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power meter HP 400D Kronhite filter oscilloscope 
VTVI4 
Figure 46. Filter equipment diagram 
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distance across beam-mils 
Figure 4?. Theoretical and actual field distribution profiles; 
circles-actual measurement; solid curve-theoretical 
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Figure 25. The output value was noted on the ordinate and the loss in­
serted was noted on the abcissa. This value is then proportional to the 
magnitude of the intensity of the wave at that point. The Gaussian pro­
file was computed using Equation 48 with values taken from the table of 
laser specifications. Note in Figure 4? the very good correlation of the 
measured profile with the Gaussian profile. The mirror size is much 
larger than the beam size in the laser used. Thus the approximation used 
to derive the mode form appears to be valid. 
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USER SPECIFICATIONS 
Radius of curvature of the mirrors : 2 meters 
Mirror aperature size: ? millimeters 
Nominal output; 3 milliwatts 
Output for majority of experiment: 100 microwatts 
Length of undisturbed cavity: 27 centimeters 
Length of altered cavity: centimeters 
Approximate diameter of tube bore : 1 millimeter 
Transmittance of the output mirror : approximately 97^  
Transmittance of the back mirror: approximately 99«7^  
Gain: approximately 6.6^ 
cCj^ : approximately yja 
approximately 3*6^  
for majority of experiment: 0.4^  
cC2_ for majority of experiment: 6.2^  
w^ : 3«8-3«9 cm in the region of the experimental work. 
The laser used was a Spectra-physics Model 122. This is a DC 
excited laser with external mirrors. The output electric field is 
polarized vertically. The gain was calculated by the formula given 
in reference (35). 
G = 3.0 X 10"^  length of active area in centimeters/diameter 
of tube in centimeters 
89 
SUI-a-jlRY 
The majority of the work completed in this STzdy car. be divided ir.zc 
three categories: (1) the derivation of an approximate sclu-icr. "c "he 
integral equations describing the fields of the laser rescr.atcr, ,^2, 
derivation of the effect of a small particle on the output c: the laser, 
and (3) an experimental verification of the theory. 
The integral equations describing the fields ir. the r.cr.-ocni ccal 
laser cavity were first derived from field theory. The ecuaticr.s were 
recognized to be nearly Fourier transform equations. The fields car. be 
described as continued convolutions of a wave propagating alcng the 
structure with a Gaussian type of function. The central limit thecrez 
indicated that a Gaussian function should be tried for the solution c: 
the equations. This function was tried and found to work as ar. exact 
solution in the infinite limit case and as an approximate solution ir. 
the finite limit case. Also, the eigenvalue of the cavity is easily cal­
culated from the results without using numerical methods, Previous 
methods used numerical methods to obtain the same res-ults. 
The effect of a small particle perturbation ir. the laser cavity was 
analyzed by perturbation techniques. The energy loss per pass from a 
wavefront was determined. This allowed the determination of the output 
change of a laser given the gain equation and scattering cross section of 
the particle. 
The experimental results include an alignment procedure, results ob­
tained from the use of the laser as a particle detector, and the measure­
ment of the field configuration inside the cavity. The alignment procedure 
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uses another laser and allows one to align the cubette adapter quickly. 
It consists of mating the spot reflected from the mirror ir. adapter 
with the spot transmitted down the tube from the correctly aligned :ror.^  
mirror. The results obtained from particle detection shc^  %he laser 
can be used as a counter and size discriminator of biolcgical bodies such 
as blood cells in an aqueous medium as well as inorganic bodies. A dis­
tribution curve was run for abrasive particles as a check on "he laser 
output versus particle size. The field inside the laser cavizy vas meas­
ured with a microprobe made from a hematocrit tube. The field r.eas-uri-er.t 
confirms that the field distribution in the laser cavity is very nearly 
that of a Gaussian profile. 
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APPENDIX 1 
Comments on the Field Equations 
Kogelnik and Li (18) give a stability formula for the stability of 
Fabry-Perot resonators. It is < 1. The quantities g^  and g_ may be 
negative but must be of the same sign. For those resonators which do not 
meet these conditions, the field is periodically spread out instead of 
being periodically refocused. 
For the multiple transit case, it is possible to show that the non-
confocal resonators are optically equivalent to the confocal resonators 
for large aperatures. Below are listed the conditions that must be met 
for the resonator to become an equivalent resonator on multiple passes. 
Refer to Equation 27. The condition for two round trips is the condition 
that is given in reference (8) and which was derived from only physical 
reflection from mirrors. The author of reference (8) states that it is 
likely that other resonators become confocal on multiple passes. All 
that is required is that the phase of Equation 30 be such that when it 
is multiplied by the number of passes the total phase shift be equal to 
360°, 
For one-half of a round trip: g^  = g^  = 0 
For one round trip: Sx ~ §3 ~ ^  
For one and one-half of a round trip: g^  = g^  and g^ g^  = 3/4 
For two round trips: g2^ g2 = l/2 
For three round trips; g^ g^  = 1/2 + /lO 
The cases for one-half round trips have to be symmetric. 
